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Static Test of a Thermoplastic Composite Wingbox Under Shear
and Bending Moment
Giovanni Zucco∗, Vincenzo Oliveri†, Daniël Peeters‡, Robert Telford§, Gearoid Clancy¶, Ciaran McHale‖, Mohammad
Rouhi∗∗, Ronan O’Higgins††, Trevor M. Young‡‡, and Paul M. Weaver§§
School of Engineering and Bernal Institute, University of Limerick
The proof of an aircraft’s structural integrity and safety is typically provided by analysis
and supported by structural test evidence. The experimental test of a wingbox, which is the
main structural component of a wing, can provide useful data on assessment of its structural
performance in an actual airplane for the design objectives. To this end, a testing fixture was
designed and manufactured to introduce a prescribed shear force and bending moment at one
end of a variable stiffness thermoplastic composite wingbox and react the load at the other end.
We report experimental results and compare them with detailed finite element data.
I. Nomenclature
FY = Force along Y axis, N
RF1 = First reaction force along Y axis, N
RF2 = Second reaction force along Y axis, N
S = Shear, kN
M = Bending moment, kNm
r = Ratio between MWb and SWb , m
t = Thickness of the wingbox, mm
IzzWb = Second moment of area of the wingbox along Z axis, mm4
IzzDW = Second moment of area of the aluminum dummy wingbox along Z axis, mm4
EIzzWb = Bending stiffness of the wingbox along Z axis, Nmm2
EIzzDW = Bending stiffness of the aluminum dummy wingbox along Z axis, Nmm2
DW A = First aluminum dummy wingbox
DWB = Second aluminum dummy wingbox
lA = Length of the first dummy wingbox along X axis, mm
l1 = Distance between FY and RF1 along X axis, mm
l2 = Distance between RF1 and RF2 along X axis, mm
lxWb = Length of the wingbox along X axis, mm
lyWb = Length of the wingbox along Y axis, mm
lzWb = Length of the wingbox along Z axis, mm
bp = Base of the steel plate along X axis, mm
hp = Height of the steel plate along Y axis, mm
tp = Thickness of the steel plate, mm
br = Base of the aluminum rib along Z axis, mm
hr = Height of the steel plate along Y axis, mm
tr = Thickness of the aluminum rib, mm
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σySt = Yield stress of the steel, N/mm2
σy Al = Yield stress of the aluminum, N/mm2
Fcr = buckling load, kN
II. Introduction
WINGS are vitally important for an aircraft’s structural integrity. They are subjected to high loads and stresses.During cruise they carry almost all of the entire weight of the aircraft. During manoeuvres, the load is higher still:
up to 2,5 times the weight for a civil transport aircraft [1]. From a design perspective, a crucial structural requirement
for the wing components is that the loads should not cause permanent deformation of the wings and that their limit load
should not be exceeded in normal flight operations.
The proof of an aircraft’s structural integrity and safety is typically provided by analysis and supported by structural
test evidence [2]. The importance of conducting experimental tests for structural components of an aircraft is highlighted
by Harrison and Harris [3].The experimental setup and procedure should be designed and developed in a way that actual
loading and boundary conditions are followed.
Comprehensive testing of a wing is a complicated and expensive process where many different load cases and flight
manoeuvres are checked [4, 5]. Therefore, in this work, it was decided to carry out the experimental test for a novel
composite wingbox (main structural component of a wing) with a single load case. The cruise flight condition load case
was considered in the design, and only a small section of the wingbox was tested for its buckling capacity. To this end,
a means to introduce the prescribed shear force and moment at one end of the wingbox and to react the loads at the
opposite end is proposed. Finite element analyses (FEA) are also performed using 2D and 3D model in Abaqus 6.14
[6, 7] to guide the procedure.
III. Objective
The objective of this work is twofold. First, we aim to design and manufacture a test fixture to introduce a desired
combination of shear force and bending moment in a wingbox for a static test. Secondly an experimental test is
performed where the composite wingbox is connected to two dummy wingboxes to make a wingbox assembly. Then,
two points of the whole assembly, including one of the ends are simply supported and a shear force is applied to the other
end. As a consequence, the composite wingbox is subjected to a representative shear force and bending moment. The
shear force and moment were determined in companion work [6]. The dummy wingboxes were designed and attached
to the composite wingbox to minimize boundary effects at the two ends of the composite wingbox in its test section.
The wingbox considered in the experiment is a representative of a medium range civil aircraft, with a maximum
take-off weight (MTOW) of 75 t and a wingspan (b) of 36 m, subjected to a shear force and bending moment. The
wingbox was considered to be located at about 85% of the aircraft’s half wingspan. The details of the innovative
composite wingbox can be found in the companion work [9]. The wingbox is tested for its buckling performance.
Digital Image Correlation (DIC) technique is used to record the deformation of the skin surface of the wingbox in the
compression side. Furthermore, a number of strain gauges are installed on the points of interest resulted from the FEA
on the wingbox’s skin and the stiffeners’ surfaces. The results from this test are subsequently compared against the
buckling behavior predicted by the numerical modeling and analysis.
IV. Modeling of the wingbox assembly
The wingbox assembly was considered as a simple Euler-Bernoulli beam in the first step of the structural design. To
alleviate the concentration of the load in the test section of the composite wingbox, the loading points should be situated
sufficiently far from the test section to provide a well distributed loading condition at its two ends. Therefore, the test
fixture and the wingbox assembly are sized and designed so that they meet this requirement (see Fig. 1). Furthermore,
the wingbox assembly should be reinforced at the supports and loading sections to carry concentrated loads there.
Therefore, a support structure was designed for these highly loaded sections.
As shown in Fig. 1 the composite wingbox is attached to two aluminum wingboxes, herein referred to as dummy
wingboxes since they are not the subject of the test, but are needed to obtain the correct loading and boundary conditions
in the composite wingbox. A crucial aspect in the design process is to have the bending stiffness of the dummy
wingboxes EIDW as close as possible to the bending stiffness of the wingbox EIWB. This important aspect guarantees
(as described in [8]), a good distribution and transition of the loads on both ends of the wingbox during the testing
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procedure. The first dummy wingbox, called DWA (the one on the left hand side shown in Fig. 1), transfers the
concentrated load (FY ) at one end of the assembly as a distributed transverse load (SWb) and bending moment (MWb)
to the left hand side cross section of the wingbox. Therefore, the length of the DWA governs the ratio r between the
bending moment and the shear load applied to the left hand side of the wingbox as follows:
r =
Mwb
Swb
≡ lA (1)
The second dummy wingbox, called DWB, was added to avoid a large reaction force (RF1) at the middle support
of the wingbox assembly. The maximum length of DWB was constrained by the manufacturing limitations, i.e., the
maximum available size of the aluminum sheets as well as the maximum length that can be bent by the in-house sheet
bending machine to make stringers from flat sheets for the dummy wingboxes.
Fig. 1 Static scheme of the experimental test of the wingbox subjected to shear force and bending moment.
The geometrical data are shown in Table 1, while the values of the reaction forces and of shear and bending
moment in the section I-I’, II-II”...V-V’ are reported in Table 2 and Table 3, respectively.
As described in [9], a representative load for the wingbox was obtained with FY=23.8kN at the arm length of
r=0.6m; hence the wingbox is subjected to a shear force of 23.8kN and a bending moment of 14.28kNm at its left side.
It is worth noting that these values are problem specific for this wingbox load and geometry and any change of the arm
length r should be adjusted by a different value of lA in the design process.
Usually, the structural behavior of a wingbox is idealized by assuming that the shear and bending moment resultants
are applied at the centroid G of its cross section, as shown in Fig. 2. It is then distributed uniformly (see Fig. 4) on the
section members. Note that for the considered geometry, the centroid coincides with the shear centre. However this
idealization assumed in the model is practically unachievable during a test. A more realistic loading configuration of the
wingbox during the test is shown in Fig. 3. It shows how the wingbox is loaded considering a uniformly distributed
shear force and bending moment on the whole cross section. Of course, the two schemes shown in Figs. 2 and 3
describe the same static problem if there is a perfect distribution to the whole cross section from the centroid (Fig. 2).
The same consideration is valid for the fixed side where the boundary conditions are applied at its centroid (see Fig. 2).
But a more realistic configuration during the experiment is provided by considering the boundary conditions applied
on the whole cross section (i.e., skin and stringers). In the following section, a simple way is proposed to achieve the
more realistic loading and boundary conditions shown in Fig. 3 using two aluminum dummy wingboxes with minimum
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Table 1 Geometrical data for the static scheme shown in Fig. 1.
Length m
lA 0.600
lXWb 0.760
lB1 0.300
lB2 2.064
l1 1.660
influence on the structural behavior of the composite wingbox. Finally, the whole structure composed of the composite
and dummy wingboxes is mounted on a steel test frame to perform the test.
Fig. 2 Loads and boundary conditions applied at the centroid of the two end sections of the wingbox.
V. Test fixture
The design of the test fixture was divided into two parts: the design of the two aluminum dummy wingboxes and the
design of the steel test frame. In both cases the design started by assuming linear elastic behavior for the structural parts
in the loading range of the testing procedure. In particular, using the material properties of the parts listed in Table 4,
the design procedure is governed by limiting the value of the Von Mises stress at critical points to 85% of the yield
stress. In the following sections a detailed design procedure of the dummy wingboxes and the test frame is described.
A. Design of the dummy wingboxes
The design of the dummy wingboxes started from the assumption that the composite wingbox (test article) is joined
to the aluminum dummy wingboxes as described in detail in the companion work [8]. The main constraint that governed
the design process of the two dummy wingboxes is making their bending stiffness EIDW as close as possible to the
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Fig. 3 Loads and boundary conditions uniformly distributed on the two end sections of the wingbox.
Table 2 Analytical expression and numerical values for the load and of reaction forces for the static scheme
shown in Fig. 1.
Load and Reaction Forces (kN)
Load FY 23.8
RF1 FY (1 + l1lb2 ) 42.94
RF2 FY ( l1lb2 ) 19.14
Table 3 Analytical expression and numerical value of the shear stress resultant S(X) and the bending moment
M(X) corresponding to the different sections in the static scheme shown in Fig. 1.
Sec. I-I’ Sec. II-II’ Sec. III-III’ Sec. IV-IV’ Sec. V-V’
S (kN) FY 23.80 FY 23.80 FY 23.80 FY (1 + l1lb2 ) 42.94 FY (
l1
lb2
) 19.14
M (kNm) 0 0 FY · lA 14.28 FY · (lA + lWb) 32.37 FY · l1 39.51 0 0
Table 4 Mechanical properties of the materials used for the design of the testing frame.
Material Type E (N/mm2) ν (1) σy(N/mm2)
Aluminum 6082 T6 69.0 0.33 220.0
Steel S355 210.0 0.30 355.0
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Fig. 4 Overview of the testing fixture including the wingbox assembly and the steel frame.
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bending stiffness of the composite wingbox EIWb:
EIDW ' EIWb
To this end, the shape of the cross sections of the dummy wingboxes needs match the cross section of the wingbox
so that the second moment of area IzzDW of the dummy wingboxes is comparable to the second moment of area of
the composite wingbox IzzWb. The difference in the stiffness due to the different material properties (see Table 4)
between the aluminum and the composite material was compensated by increasing the thickness of the dummy wingbox
parts compared to the composite wingbox. Therefore, since the thickness of the composite laminate is t=2.3mm, the
thickness of the external walls of the aluminum dummy wingboxes was chosen to be equal to the closest available
standard size of 3mm. Each dummy wingbox is composed of four external walls of aluminum for the skin and six cold
formed aluminum stringers inside the box. The external shape of the dummy wingboxes is the same as that of the
composite wingbox. The cross section of the aluminum stringers was designed to conform to the shape of the stiffeners
of the composite wingbox and facilitate easy assembly. The dummy wingboxes were designed to join to the composite
wingbox at its two ends through riveted external buttstraps and spliced stringers. The overlap between the dummy
wingbox stringers and the composite wingbox stiffeners was considered to be about 20 times the wingbox thickness
(2.3mm). To be more conservative in these highly loaded regions, the length of the overlapped areas was increased to
55mm. The joint between the composite and the dummy wingboxes was made by both mechanical fasteners (rivets and
bolts) and adhesive bonding.
As shown in Fig. 1 ) the highest section load was found at the location of the reaction force RF1. In order to
accommodate these high values of the bending moment and shear force two important decisions were made in the
design of the dummy wingboxes: 1) The right hand side dummy wingbox (l2) was designed to be as long as possible to
minimize the reaction force RF1. However, this maximum length was limited by the maximum length that our in-house
sheet metal bending machine can bend, i.e., 2,5m. In order to avoid being too close to the limits of the machine, a length
of 2.3m was chosen. 2) The dummy wingbox was reinforced by an internal extra support structure at the location of RF1.
B. Design of the support structure inside the dummy wingboxes
As stated earlier, the most critical section of the dummy wingboxes is where the reaction force RF1 is introduced by
the steel frame. To prevent the dummy wingbox failing in this region, a support structure was introduced (see purple
cross section of DWB shown in Fig. 5). The design started by considering a thick plate (the green plate in Fig. 5)
perpendicular to the axis of the steel tube to carry the transverse reaction force RF1 at this region. A free body diagram
of this plate is shown in Fig. 6. For this plate the height hp was fixed to the height of the dummy wingboxes and a width
of bp=160mm was considered to support the highest stress resultants along the longitudinal axes of the second dummy
wingbox as shown in the Fig. 5. By selecting a S355 grade steel material for this part, the thickness of the plate was
determined by imposing the maximum value of the Von Mises stress, obtained from the static scheme shown in Fig. 5,
equal to 0.85σySt ; that results in the thickness of tp=20mm. This simple approach grants a 15% safety margin to the
yield stress of the selected steel material. In practice, in order to get a better distribution of the reaction force RF1 on the
skin surface of the dummy wingbox DWB, the steel plate shown in Fig. 6 was divided into four separate plates, each
having a thickness of 5mm (see Fig. 7). Moreover, two aluminum ribs were designed to provide a better distribution of
the loads in the whole wingbox assembly (see purple plates in Fig. 7). The same procedure used for the design of the
green steel plates shown in Fig. 7 was also used for the design of the two purple aluminum ribs. The aluminum ribs
were designed to have the same height and width as the dummy wingboxes. Three cut-outs were also considered on the
top and bottom sides of the ribs to provide room for the aluminum stringers. Accordingly, the thickness of the aluminum
ribs were determined by imposing the maximum value of the Von Mises stress to be 0.85σy Al; that resulted in tr =5mm.
The thickness of each aluminum cold formed stringer was considered to be t=3mm.
Overall, the support structure comprises: 1) four steel plates perpendicular to the axis of the steel tube of the frame
(see green plates of Fig. 7); 2) two aluminum ribs parallel to the cross section of the wingbox (see purple plates of Fig.
7); 3) steel L brackets to join the green plates and the purple ribs by bolts; 4) aluminum L brackets to be riveted to the
green ribs and the dummy wingbox (stringers and skins). The assumption made for designing the support structure
was that the reaction force RF1 is equally distributed between the four steel plates, then each plate is loaded with a
concentrated force equal to QY/4 which is equal to FY (1 + l1/l2)/4. The stress flow is transferred through the steel
L brackets to the aluminum ribs, and then finally transferred to the skin and the stringers of the dummy wingbox via
aluminum L brackets. It is worth noting that, for the sake of keeping the safety margin in the design procedure, the
contribution of the top skin in the distribution of RF1 was not considered.
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Fig. 5 Static scheme of the wingbox/dummy assembly by assuming it as an Euler-Bernoulli beam structure.
The blue diagram represents the shear stress resultant and the red diagram represents the bending moment.
The green element represents the ideal steel plate shown in Fig. 6.
Table 5 Analytical expression and numerical values of the shear stress resultant S(X) and bending moment
M(X) corresponding to the sections A-A’ and B-B’ (see Fig. 5 and Fig. 6).
Sec. A-A’ Sec. B-B’
S (kN) FY 23.80 FY ( l1lb2 ) 19.14
M (kNm) FY (l1 − bp2 ) 37.60 FY (l1 +
bp
2 ) 41.41
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Fig. 6 Static scheme of the ideal plate assumed to be perpendicular to the longitudinal axes of the tube of the
steel frame introducing the reaction force RF1.
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Fig. 7 Static scheme of the support structure assuming an equal distribution of the reaction force RF1 between
the four steel plates (green plates).
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Fig. 8 Exploded view of the wingbox assembly.
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C. Design of the steel test frame
The steel test frame has the task of providing appropriate supports to apply loading and boundary conditions to the
wingbox assembly. Its design is governed by the same static scheme used for the design of the wingbox assembly (see
Fig. 1 and Fig. 9). The steel used was S355 and its mechanical properties are reported in Table 4.
Fig. 9 The load and moment diagrams of the wingbox assembly mounted on the steel frame during the testing.
The main characteristic of the steel frame is that it was designed to be a self-equilibrated structure. Therefore, other
than the weight of the test frame and the wingbox assembly, no additional load is transferred to the floor during the
test procedure. The support structure described in the previous section was the starting point for the design of the test
frame. One of them imposes the load FY on the left hand side dummy wingbox and the other one, via a pin, transfers
the reaction force RF2 to the test frame through the right hand side dummy wingbox. Since the support structure was
designed for the most critical point in the wingbox assembly (mid part of the frame with RF1), the same design was
used for the two ends (FY and RF2) that carry lower loads. An electric motor equipped screw-jack mechanism was used
to introduce the load to the wingbox assembly. A load cell was also installed on the screw-jack to record the load values
during the test.
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Fig. 10 Detailed view of the assembled support structure inside the DWB to accommodate RF1.
Fig. 11 Detailed view of the assembled support structure inside theDWA to accommodate the load introduction.
Fig. 12 Detailed view of the assembled support structure inside the DWB to accommodate RF2.
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VI. Test procedure and results
Thirty two strain gauges were placed on the points of interest on the composite wingbox. Four linear strain gauges
were placed on each side (outer and inner sides) of the upper skin to capture the compressive strains at the regions prone
to buckling in the tow-steered portions. The objective to install the gauges in the two sides of the skin was to capture the
deviation of the measured strains at the onset of the skin buckling as well as the postbuckling deformation. On the lower
skin, in which the loading is tensile, four strain gauges were placed only on the outer side. Two strain gauges were also
placed on each of the central stiffeners to record the strain values on the stiffeners in both compressive and tensile sides.
On the left and right sides of the wingbox, two T-strain gauges were placed on each side (outer and inner surfaces) to
capture the shear strains and monitor the buckling of the side skins in case it occurs. Finally, two T-strain gauges were
placed at the two corners of the upper skin (compressive side) to capture the maximum shear strains that are expected to
occur in that region. Figure 1 shows the placement of the strain gauges on the wingbox.
Fig. 13 Location of the strain gauges to record the strains on the composite wingbox during the test.
Two displacement measuring devices were also used to determine the displacement of the two sides of the loaded
end of the wingbox assembly (see Fig.14). In this way, we were able to measure the end displacements and also quantify
the twisting of the wingbox assembly in case it occurs during the test. The loading end of the assembly was loaded by a
displacement controlled jack-screw at 0.2mm/min. A load cell connected the jack-screw to a bar which was connected
to one end of the wingbox assembly to record the load. To capture the deformation of the top surface of the wingbox, a
digital correlation camera (DIC) system was also used and installed above the wingbox assembly. Figure 15 shows the
speckled pattern on the top surface of the wingbox for the DIC cameras to measure the deformation and buckling mode
shape on the top skin of the composite wingbox.
The load-displacement plot of the wingbox assembly is shown in Fig.16. The average displacement of the two
gauges shown in Fig.14 was considered in this plot. It should be noted that one of the displacement gauges reached its
maximum limit at the average displacement of 21.19 mm and the plot beyond this point (shown by a dotted line) should
be disregarded. Figure 14 shows the slopes (structural stiffness) during the loading and unloading are almost identical.
However, there is a residual displacement after unloading that is related to the slacks in the numerous rivets and bolted
joints of several parts of the two dummy wingboxes.
Figure 17 shows the strain values measured from the strain gauges located at two points close to the boundary side
of the composite wingbox’s top skin (compression side prone to buckling). The deviations of the strains measured
from inside and outside of the top skin are due to the localised bending of the buckling mode shape of the skin in
these regions. From Fig.17 it can be concluded that the plate buckles outward in these regions, because the strains on
the outside surface of the wingbox slightly decreases by increasing the load after buckling and an opposite trend is
experienced by the strains on the inside surface of the wingbox.
For those strain gauges located at two points close to the loading side of the composite wingbox’s top skin
(compression side prone to buckling), Fig.18 shows the strain values during the loading and unloading. As observed,
and as expected, there is little evidence of buckling in these regions.
The displacements of the wingbox assembly during the test (loading and unloading) at the two sides of its loading
end are shown in Fig.19. As stated earlier, one of the displacement gauges (LHS) reached its maximum limit and showed
constant displacement beyond that point. Although the slopes of the two displacement plots are almost identical for the
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Fig. 14 Location of the displacement measurement gauges to record the end displacements of the wingbox
assembly end during the test.
Fig. 15 Location of the strain gauges to record the strains on the composite wingbox during the test.The
speckled pattern of the top surface of the composite wingbox (left) and the whole assembly ready to test with
the DIC cameras installed above the wingbox assembly (right).
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Fig. 16 The load-displacement of thewingbox assembly during loading and unloading. One of the displacement
gauges reached to its maximum limit at uy = 21.19mm.
Fig. 17 The strains measured by the strain gauges located inside and outside of the composite wingbox’s top
skin (left and right) at the boundary side.
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Fig. 18 The strains measured by the strain gauges located inside and outside of the composite wingbox’s top
skin (left and right) at the loading side.
two gauges, a slight difference (shift) was observed that shows a slight twist of the wingbox assembly that remained
almost constant after a small displacement of the loading side. It occurs mainly due to the misalignment between the
wingbox assembly and the steel test frame due to manufacturing. The out of plane displacement contour at the load FY
= 30.9 kN on the top surface of the composite wingbox resulted from a digital image correlation (DIC) system is shown
in Fig.20. As observed, the contour shows the slight twist of the wingbox, as well as the deformed (wavy) pattern of the
skin in the boundary side that is consistent with the strain gauge data shown in Fig.17. To assess the buckling load from
the experimental results, the average displacements in a small area at the center of a buckled region was plotted versus
time as shown in Fig.21. The change of the slope of this displacement versus time occurs in a time interval between
7000 to 7300 seconds. Reading the load values from the load cell at this time interval gives the measured buckling load
value of Fycr = 26.1-27.2 kN .
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Fig. 19 The displacements measured at the left and right hand side of the wingbox assembly at its loading end
(see Fig.14).
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Fig. 20 The displacement contours with and without the speckled pattern at the top surface of the wingbox’s
skin from left (loading side) to the right (boundary side).
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Fig. 21 The out of plane displacement of the marked area (buckled region) measured from DIC system vs.
time and the buckling onset region (between the dotted lines).
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(a) (b)
(c) (d)
Fig. 22 (a) Finite element model of the composite wingbox in the whole assembly, (b) parts of the dummy
wingboxes are modeled as solid elements, (c) wingbox assembly without skin and (d) with skin.
VII. Finite element modeling and simulation
The finite element model of the composite wingbox was made using thick shell elements (S4R) in the commercial
software Abaqus. The two dummy wingboxes were modeled using both shell S4R and solid C3D8R elements; in
particular, the skin was modeled as shell elements, while the stringers and the inside support structures were modeled as
solid elements. Figure 22 shows the FE model of the wingbox in the wingbox assembly as well as the manufactured and
assembled wingbox assembly. The joints between the composite and dummy wingboxes were also modeled by using the
tie constraint for the overlapping regions of those parts in the FE model as shown in Fig.23.
Following a convergence study, the characteristic length of the finite elements used in the dummy wingboxes was
determined to be lFE = 3.5mm. In order to appropriately model the buckling behavior, the composite wingbox was
discretized with square elements having a size of 2.5mm. The load was applied to one end and a simply supported
boundary condition was applied to the opposite end of the wingbox assembly. Both loading and support boundary
conditions at the two ends (see Fi.9) were applied using the multi point constraint (MPC) option in Abaqus that allows
the holes at the two ends link to their centers and the loading and boundary conditions were applied to the center
points as shown in Fig.24. The contact condition at the support point RF1 (see Fig.9) was also provided by fixing the
wingbox assembly at the top of that section in the out of plane direction. Following model assembly, linear buckling and
non-linear static analyzes were performed for the simulation of the wingbox assembly. Furthermore, numerical results
of the wingbox assembly were compared against the results obtained from the idealized composite wingbox. Finally,
numerical results of the wingbox assembly were compared with experimental results. It is worth noting that in all of the
FE simulations the maximum strain failure criteria were used for the composite wingbox. The strain values on different
interested points in the wingbox resulted from both FE analyses and experiment were all below 1200µ that is far below
the maximum strain limit considered for the thermoplastic composite material used in this work (3000µ).
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Fig. 23 A detail view of the joint between the composite and the dummy wingboxes in the overlapping regions
modeled by using the tie constraint (left) and the actual composite wingbox glued to the dummy ones in the
overlapping regions (right).
Fig. 24 Details of the MPC link used in Abaqus to apply the loading and boundary conditions.
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A. Linear buckling analysis
The linear buckling analysis was performed using the Subspace algorithm. As shown in [9] the buckling mode shape
of the VAT composite wingbox is different from the buckling mode of the same structure having conventional laminate
with straight fibers. Furthermore in [9] it was shown that the use of a VAT laminate in the skin bays can increase the
buckling load by about 14%. Figures 25 and 26 show the first buckling mode shapes of the idealized wingbox (singled
out from the assembly) and the wingbox attached to the assembly, respectively. It is worth noting that the presence of the
two dummy wingboxes (considering the whole assembly in the model) does not change the first buckling mode shape.
The buckling load resulted from the idealized wingbox model is equal to Fcr = 27.8 kN , whereas it is found to be Fcr =
26.3kN for the case of considering the whole assembly. The difference between the buckling load in the modeling cases
is about 5%. The value of the first buckling load given in [9] for the composite wingbox having a length of 750mm is
about Fcr = 26.8kN . The slightly lower value of the buckling load compared to our idealized FE model (Fcr = 27.8kN)
is as a result of the difference between the lengths of the manufactured wingbox (750mm) and our modeled wingbox
(640 mm). Recalling that there is a 55mm overlap between the composite wingbox at its two ends and the two dummy
wingboxes (see Fig.23), the actual length left to carry the bending-induced buckling load in the test is 640mm.
Fig. 25 First buckling mode shape of the idealized wingbox (singled out from the assembly) with the length of
640mm.
Fig. 26 First buckling mode of the wingbox considering the whole assembly in the model.
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B. Nonlinear analysis
The nonlinear analysis of the wingbox assembly was performed using the path-following Riks algorithm. Large
deformations of the geometry (geometric nonlinearity) were considered in the analysis. An imperfection in the form of
the first buckling mode shape was imposed to the model in the nonlinear analysis. The amplitude of the imperfection
was equal to 1/105 of the thickness of the wingbox. Figure 27 shows the equilibrium path obtained from the non-linear
analysis in comparison with the experimental result. As observed, there is a good agreement between the nonlinear FE
analysis and the experimental results.
Fig. 27 Equilibrium path of normalized load Fy/Fcr in terms of the normalized out of plane displacement uy/t.
The FE simulation results for the axial strains are also shown in Fig.’s28 and 29 in comparison with the experimental
results. Although the overall behavior of load-strain resulted from FE simulation is in agreement with the experimental
data, their values do not perfectly match to the test results. This discrepancy comes from several sources such as
the imperfection of the wingbox due to manufacturing, the difference between the boundary conditions in the FE
simulation and in reality that causes difference in the location of the localized bending, and other mismatches between
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the modeling/simulation and the test including material properties, geometry, etc. It could also partly be due to the
non-uniform load introduction across the wingbox width which leads to non-uniform distribution of the section loads.
Fig. 28 The strains inside and outside of the composite wingbox’s top skin (left and right) at the boundary side:
comparison between experimental and numerical results.
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Fig. 29 The strains inside and outside of the composite wingbox’s top skin (left and right) at the loading side:
comparison between experimental and numerical results.
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VIII. Conclusion
In this work, a fixture for static testing of a composite wingbox subjected to an applied shear force and bending
moment was designed and built. The design of the wingbox assembly, as well as the testing fixture to perform
the bending-induced buckling of a composite wingbox was also described in detail. Following by the design and
manufacturing, the wingbox was tested to assess its buckling response. A Digital Image Correlation (DIC) system was
used, as a full-field 3D strain measurement technique, to record the deformation of the wingbox during the test. In
addition to the DIC measurement, strain gauges were installed on the interested points of the wingbox to record the
strains during the testing procedure. The results from this test were compared against the buckling behavior predicted by
the numerical models and showed a good agreement between the simulation and the test results.
Acknowledgments
The authors would like to thank Science Foundation Ireland (SFI) for funding Spatially and Temporally VARIable
COMPosite Structures (VARICOMP) Grant No. (15/RP/2773) under its Research Professor programme. The authors
would also like to thank the Irish Composite Centre (IComp) for its help with the LATP.
References
[1] Young, T. M., Performance of the jet transport airplane: analysis methods, flight operations and regulations, Wiley, 2017.
[2] Schuster, S. A., Testing the structural Integrity of Boeing 777, Sensors Magazine, 1996.
[3] Harrison, S., Harris, M., Is Operational Test and Evaluation Relevent to the Defense Science & Technology Organization’s
Aircraft Strucutral Test Laboratory, System Engineering/Test and Evaluation, Canberra, Australia 2003.
[4] Jegley, D. C., Bush, H. G., Lovejoy, A. E., Evaluation of the Structural Response and Failure of a full−scale Stitched
Graphite−Epoxy Wing, AHS Structures Specialists’ Meeting, Williamsburg, VA 2001.
[5] Chintapalli Ravinder Reddy, B., Siva Prasad, Bikki Nikhil, Srikanth, P., Design, Fabrication, Static Testing and Analysis of
Composite Wing box using E-Glass Epoxy Composite, International Journal of Engineering Research & Technology. Vol. 5(09),
2016.
[6] Hibbitt, Karlsson, Sorensson, Abaqus Theory Manual, version 6.8, Dassault, 2009.
[7] Barbero, E. J., Fnite Element Analysis of Composite Materials Using Abaqus. CRC Press LIc, 2013.
[8] Palm, T., Mahler, M., Shah, C., Rouse, M., Bush, H., Wu, C., Small, W. S., SBMI Sandwich Wing Box Analysis End Test,
AIAA-2000-1342.
[9] Oliveri, V., Peeters, D., Clancy, G., O’Higgins, R., Jones, D., Weaver, P. M., Design, Optimization and Manufacturing of a
Unitized Carbon fiber/Thermoplastic Wingbox Structure, submitted to SciTech conference January 2018.
27
